Abstract In this work, we establish a methodology for comparing the efficiencies of different hydrazide labels for detecting protein carbonyls. We have chosen acroleinmodified human serum albumin as a model. This system provides a convenient means of reproducibly generating carbonylated protein. Five hydrazide-based labels were tested. Three carry a biotin affinity tag, and the others are simple fatty acid hydrazides. For the biotin-based labels, the yield of the labeling reaction varies considerably, and the most commonly used label, biotin hydrazide, gives the lowest yield. The total tandem mass spectrometry (MS/MS) spectrum counts of modified peptides are similar for all of the biotin-based tags, indicating that factors beyond the labeling efficiency are important in determining the effectiveness of the label. In addition, there is a large variation in the number of spectra obtained for specific, modified peptides depending on the nature of the labeling group. This variation implies that the relative detectability of a particular modification site is highly dependent on the tagging reagent, and more importantly, titration schemes aimed at identifying the most reactive site based on its threshold concentration will be biased by the choice of tagging reagent. The fatty acid hydrazides are somewhat more effective than the biotin-based hydrazides in generating identifiable MS/MS spectra but offer no opportunity for enrichment. For the biotin-based tags, avidin affinity chromatography was used with the tryptic digests, and each tag led to similar enrichment levels.
Introduction
Among the post-translational protein modifications, carbonylation has attracted a great deal of attention due to its correlation with oxidative stress, aging, and age-related diseases [1, 2] . Protein carbonyls involve the introduction of an aldehyde group on the side chain of an amino acid and have been identified as important biomarkers for disease and aging [3] . These protein carbonyls are formed on amino acid side chains either via direct oxidation with reactive oxygen species, such as hydroxyl radicals, or by the addition of α,β-unsaturated aldehydes, which are the result of lipid peroxidation processes [4] [5] [6] . A number of studies have reported that protein carbonylation is selective, and only certain proteins are carbonylated in the systems under oxidative stress [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Identifying carbonylation sites has proven to be challenging with in vivo experiments, and only a limited number of studies have reported specific modification sites [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . A key problem is the low concentration of modification sites in samples. For example, if one has a sample of roughly 200 proteins, each of which yields roughly 50 tryptic peptides, the concentration ratio of a specific modified peptide to the background in a bottom-up liquid chromatography tandem mass spectrometry (LC/MS/MS) experiment is at best 1:10,000 (50×200), but likely much lower because only a fraction of any particular protein is expected to be carbonylated at any specific site. As a result, samples must generally be fractionated in some way before analysis to concentrate the modifications. The typical approach has been to take advantage of the unique reactivity of protein carbonyls (aldehydes) with hydrazine and hydrazide reagents as an entryway to an affinity tag. The most Electronic supplementary material The online version of this article (doi:10.1007/s00216-012-6235-9) contains supplementary material, which is available to authorized users. common has been biotin, and a variety of strategies have been employed for immobilizing and isolating the biotintagged protein carbonyls. Despite this activity, there has not been a systematic evaluation of the efficiency of hydrazidebased tags in isolating and identifying protein carbonyls. However, Guo and Prokai have recently published a paper focused on the ability of a series of hydrazides to produce useable collision-induced dissociation (CID) spectra from a collection of six 4-hydroxynonenal-labeled peptides. The work indicates that biotin hydrazide labeling can increase the quality of CID spectra (suppress neutral loss), but in four of six cases, labeling with biotin hydrazide failed to produce identifiable tandem mass spectrometry (MS/MS) spectra, potentially due to inefficient labeling [24] .
In the present study, we test the effectiveness of five hydrazide-labeling agents in identifying protein carbonyls (Scheme 1). The first three are commercially available biotin hydrazides with varying spacer groups between the two components. The last two are hydrazides of simple fatty acids. They have been included because Muddiman and co-workers reported that hydrophobic tagging groups can substantially increase the electrospray ionization efficiency of some peptides [27] . To stabilize the resulting hydrazones, they have been reduced with sodium cyanoborohydride to give hydrazine linkages as described by Yoo and Regnier [28] . Scheme 2 outlines the process with biotin hydrazide. As a model protein, we have chosen human serum albumin (HSA). It is readily available and been the subject of several studies of in vitro oxidative stress [22, [29] [30] [31] . We have found that the treatment of HSA with acrolein provides a convenient and reproducible source of protein carbonyls that can be used for testing various isolation strategies. Acrolein is an α,β-unsaturated aldehyde and can undergo Michael additions with histidine, lysine, and cysteine to produce protein carbonyls (Scheme 3)-it is also capable of a variety of other reactions including Schiff base formation with lysine as well as cross-linking processes. This reaction is akin to the condensation of proteins with α,β-unsaturated aldehydes derived from lipid peroxidation processes-a key source of protein carbonyls for systems under oxidative stress. In the present study, we simply use acrolein as a convenient means of generating protein carbonyls-no effort was made to assess the relative reactivity of the residues in HSA with acrolein (we have shown that more sophisticated quantitation schemes are needed for that task) [32] . Using MS/MS spectrum counts of modified peptides as measure of a label's effectiveness, we have done experiments with and without affinity chromatography of the tagged peptides. The results of this study indicate that the choice of label has a significant impact on the tagging efficiency and relative detectability of the modification sites. As a result, care must be taken in the choice of a tagging group and in the interpretation of data from pseudoquantitative experiments such as titrations aimed at identifying the relative reactivity of sites. 
Materials and methods

HSA
Michael Addition
Michael Adducts
Scheme 3 Michael addition of acrolein to the side chains of cysteine, lysine, and histidine avidin kits and BCA protein assay kits were purchased from Pierce (Rockford, IL). MCX columns were purchased from Waters (Milford, MA). All other chemicals and solvents were obtained from commercial sources and were of the highest purity available.
Modification of HSA HSA (1 mg/mL) was treated with acrolein in a 1:10 (HSA/ acrolein) final molar ratio and then incubated at 25°C for 1 h according to a method described by Dalle-Donne [33, 34] . Following the modification, excess acrolein was removed by filtering the solution through a Microcon YM-30 filter (Millipore) with phosphate-buffered saline (PBS) buffer (pH 7.4). Filtration was accomplished by centrifugation of the Microcon assembly at 8,000 rpm for about 4 min. The filtration/centrifugation process was repeated three times, and subsequently, the modified HSA sample was labeled.
Labeling modified protein
Labeling of the carbonyl groups of oxidized HSA was performed by reaction with the appropriate hydrazide using an approach based on the method of Yoo and Regnier [28] . In summary, the oxidized protein samples were dried using a Speed-Vac concentrator and then dissolved at a concentration of 2 mg/mL in PBS buffer (pH 7.4) containing 5 mM of the hydrazide. The samples were incubated at room temperature for 2 h with shaking and then cooled to 0°C. An equal volume of 30 mM sodium cyanoborohydride in PBS buffer was subsequently added to stabilize the reaction products. Following the labeling, the HSA samples were precipitated with 20% trichloroacetic acid in an ice bath for 1 h, and the excess reagents were removed as a part of the supernatant. The pellets were washed three times with ethanol/ethyl acetate (1:1) and then dissolved in ammonium bicarbonate buffer in preparation for enzymatic digestion.
Enzymatic digestion
The labeled HSA samples in 50 mM ammonium bicarbonate buffer at a concentration of 1 mg/mL were reduced with 30 mM dithiothreitol at 50°C for 20 min and alkylated with 55 mM iodoacetamide at room temperature for 30 min in the dark. The excess of dithiothreitol and iodoacetamide were removed using a Microcon YM-30 filter at 8,000×g for 15 min. The proteins were redissolved in 50 mM ammonium bicarbonate and subsequently digested with trypsin (substrate/enzyme ratio of 40/1, w/w) at 37°C for 24 h. The digestion was terminated by adding 0.1% formic acid (120 μL).
Enriching modified peptides
Modified peptides were enriched with a monomeric avidin kit as described by the manufacturer. After pre-conditioning the column, samples were loaded. Non-bound peptides were washed away with PBS buffer, and bound ones were eluted with the biotin blocking and elution buffer. The resulting peptide solutions were pre-concentrated with an MCX column as described by the manufacturer. The peptide solutions were dried with a Speed-Vac concentrator, and peptide concentrations were determined using a BCA assay kit as described by the manufacturer.
Quantification
Quantification of carbonylated proteins was done as described by Levine [35] . In this protocol, reactive carbonyl groups were converted to the corresponding hydrazone by reaction with 10 mM 2,4-dinitrophenyl hydrazine (2,4-DNPH) in 2 M HCl (1:500 protein to 2,4-DNPH ratio). The reaction mixture was incubated for 15 min with shaking, and the protein mixtures were precipitated with trichloroacetic acid (final concentration 15% v/v ratio). After incubation in an ice bath for 45 min, the precipitate was centrifuged at 13,400 rpm for 5 min. The supernatant was discarded, and the precipitate was washed three times with an ethanol-ethyl acetate mixture (1:1 v/v ratio). The precipitate was resuspended in 6 M guanidineHCl solution (pH 2.3). The absorbance was measured at 370 and 276 nm. The former corresponds to the hydrazone maximum with an estimated molar absorptivity coefficient of 22,000 M −1 cm −1 [35] . We have used commercial HSA as a control. It shows a significant background signal, and there was concern that it may be partially carbonylated. To test this hypothesis, we pre-reduced the commercial HSA with sodium borohydride (NaBH 4 ) and then used it as a control in the DNPH analysis. There was only a negligible difference in absorbances between the pre-reduced and native control samples. With DNPH assay, the ratio of active carbonyls per protein molecule, corrected for background signal, is 2.7, and suggests two to three carbonyl modifications per HSA molecule. Given the 10:1 ratio of acrolein to HSA, it also suggests that 70% of the acrolein did not result in protein carbonyl modifications under our reaction conditions.
Biotin quantification assay
The extent of HSA biotinylation was measured with a HABA (4'-hydroxyazobenzene-2-carboxylic acid)-biotin quantitation assay kit as described by the manufacturer (Pierce Biotechnology). In short, 100 μl of biotinylated HSA was added to 900 μl of the HABA-avidin solution, and then the absorbance of the mixture was measured at 500 nm. The ratio of biotin to protein was calculated based on the difference in absorbance before and after addition of biotinylated HSA using a HABAavidin extinction coefficient of 34,000 M −1 cm −1
. The assay was repeated three times, each with three technical replicates, for the biotin labels, 1, 2, and 3. As a positive control, commercial, biotinylated bovine serum albumin (BSA) (Sigma, St. Louis, MO) was used. The manufacturer reports an average of nine biotinylation sites per protein for this sample.
Liquid chromatography/electrospray ionization-tandem mass spectrometry analysis Liquid chromatography/electrospray ionization-tandem mass spectrometry analysis of digested HSA samples (300 pmol/injection) was performed using a capillary highperformance liquid chromatography system (ThermoFinnigan, San Jose, CA) connected to an LTQ ion trap mass spectrometer (ThermoFinnigan, San Jose, CA) with a nanospray source. Tryptic peptides were separated by reversephase chromatography on a C18 column (100×0.18 mm; Thermo, 5 um particle size) with a split flow system. The split is approximately 100:1 with a master flow rate of 50 μl/ min (∼0.5 μl/min in the analytical column). The digested peptides were eluted from the column using two mobile phases, A (0.1% formic acid in water) and B (0.1% formic acid in methanol). The gradient started from 2% B, increased to 15% B over 15 min, then increased to 80% B over 70 min, and finally increased to 95% B over 25 min. The eluted peptides (singly, doubly, or triply charged ions) were analyzed using a data-dependent scan procedure. To exclude the redundant processing of a few dominant ions in the MS/MS analyses, a dynamic exclusion feature was used that only allows a particular m/z value to be processed twice in a 2-min time window. The acquired MS/MS spectra were then searched against the NCBI non-redundant protein database (GI: 4502027) using the Finnigan Bioworks v.3.2 (Sequest) software. The database searching was set to only consider peptides within the mass range 500-4,000 Da. Up to two missed cleavage sites were allowed, and cysteines were defined as modified with carbamidomethylation. To search for labeled peptides, differential modifications of cysteine, histidine, lysine, and arginine were set to 298.4, 411.5, 545.3, 254.3, and 310.4 Da, respectively, for 1-5. In order to filter the search results, the Yates Rule [36] was applied, and the Xcorr threshold was set to 1.9, 2.2, and 3.75 for +1, +2, and +3 charged peptides, respectively. ΔC was set to 0.1, and the number of top matches was set to 1. Results and discussion HSA was modified with acrolein and labeled with five different hydrazide compounds to compare their effectiveness in LC/MS/MS analysis. The sample preparations were repeated at least three times to establish reproducibility, and the data are derived from multiple LC/MS/MS runs on each sample. Using tryptic digests, average sequence coverage was over 85% with our experimental arrangement.
MS/MS spectra
A key issue with a label's efficiency in LC/MS/MS experiments is its impact on the production of useful fragments, b and y ions, with our CID protocol. If the label diverts signal intensity into unproductive side-chain losses (i.e., breakdown of the label group), the quality of the MS/MS spectra will be degraded and the identification efficiency will potentially be reduced. For comparison, sample MS/MS spectra for peptides with and without modifications at His 170 are shown in Figs. 1, 2, 3, 4 , 5, and 6 (+2 charge state). The spectra for the biotin-containing tags (1-3) exhibit a similar number of identified b and y ions, and share the pattern of strong y 12 , but weak y 8 ions for the expected prolinedirected cleavages. There is a bias towards cleavage near the N terminus (modification site) with strong signals for b 2 , b 3 , y 11 , y 12 , and y 13 ions. A dehydrated b 3 ion is particularly intense in the parent as well as the biotinylated spectra, but the b 2 ion is only intense in the biotinylated system. This bias is charge-state-dependent, and more evenly distributed cleavages are seen in the corresponding triply charged peptides (Electronic supplementary material). In these spectra, no intense peaks were identified for fragmentation on the biotin label groups themselves (some unlabeled peaks in the spectra are for multiply charged b and y ions with either H 2 O or NH 3 loss). The lack of label breakdown with the biotin hydrazides is consistent with Prokai's recent observations [24] . With the fatty-acid-derived tags, typical fragmentation spectra are observed, but there are some differences compared with those seen for the biotin hydrazides. A key difference is that the fatty acid tags at His 170 suppress tryptic cleavage at Arg 169 and lead to peptides extended by one 168 . This is an unexpected effect of the labeling group. Although modification at the cleavage site (i.e., acrolein addition at a lysine) does suppress tryptic cleavage, this is the first case we have seen of modification of a neighboring residue suppressing tryptic cleavage. One does not expect the fatty acid to interact with the guanidine group of the arginine, so a disruptive, hydrophobic interaction with trypsin is a more likely explanation. The added arginine at the N terminus provides a minor bias towards b ions with the most intense b ion being about twofold more intense than the most intense y ion. In addition, it appears that there are fewer ions from dehydration and ammonia loss with the fatty acid labels. Finally, each of them gives an intense peak for the loss of the label with the remnants of the acrolein group-this leads to the full-length peptide, but with no modifications (doubly charged, m/z 950.2). Some label group breakdown is also evident in spectra for other peptides with the fatty acid hydrazides (Electronic supplementary material). Overall, each of the tagging agents leads to useful data with spectra that contain extended spans of b and y ions.
MS/MS spectrum counts
In bottom-up proteomics approaches, a reasonable measure of a labeling scheme's effectiveness is the number of times a peptide with the label is targeted for an MS/MS scan and identified with acceptable confidence by a cross-correlation approach such as that found in SEQUEST. It is important to note that we are not correlating spectrum counts with peptide concentration, but instead, using them as a practical measure of the likelihood that a peptide would be detected in an LC/MS/MS experiment. The spectrum count total is based on multiple factors. (1) To be selected for an MS/MS scan, the labeled peptide must present sufficient signal intensity to be competitive with other signals in the full scan. The intensity relates to the efficiency of the labeling reaction as well as to the ionization/detection efficiency of the labeled peptide. (2) To be identified, the labeled peptide must give an MS/MS spectrum with an adequate set of characteristic fragment ions. (3) The number of competing species in the sample with relatively similar retention times affects the probability of a peptide being chosen for an MS/MS scan. Because the impacts of these individual factors can be constant across samples, particularly in complex mixtures, it has been reported that peptide hits and spectrum counts can be used as measures of relative protein abundance and detectability [37] [38] [39] . In the present context, MS/MS spectrum counts will be used to assess the ability of the labels to produce useful proteomic data. In these systems, each label is applied to the same protein sample and should produce analogous collections of modified peptides. Because the majority of peptides are not modified in these samples, the background matrix is similar for each of the labeled mixtures. In Table 1 , the effectiveness of each label can be assessed in terms of the fraction of MS/MS identifications that include the label. The fractions are roughly similar for the biotin-based labels (1-3) but rise for the fatty acid based labels (4 and 5) . This is consistent with Muddiman's observation that hydrophobic tags enhance the ionization properties of some peptides [27] . As noted in the "Materials and methods" section, a standard 2,4-dinitrophenylhydrazine assay for the level of protein carbonylation in the acroleinmodified HSA indicates approximately 2.7 active carbonyls per protein molecule. Given that HSA yields roughly 75 tryptic peptides with identifiable MS/MS spectra, one expects that about 3.5% of the peptides in the tryptic digest would be labeled (2.7/75). Based on this crude estimate, it appears that the labels are generally enhancing the detectability of the peptides. The effect is significant in label 4 where over a twofold enhancement is seen.
An important question in interpreting the data is whether the labels were equally successful in modifying the protein carbonyls in the sample. To address this issue, we have turned to an established biotinylation assay. As noted in the "Materials and methods" section, a DNPH analysis of the acrolein-treated HSA indicated that the protein, on average, carried ∼2.7 active carbonyl groups. This is a measure of the number of DNPH molecules captured by the acroleintreated HSA and therefore is sensitive to the efficiency of the reaction of the DNPH with the protein carbonyls (the reported value assumes 100% efficiency). Using a HABAavidin assay for the biotin-based labels, we obtained the data in Fig. 7 . As a control, we have included commercial, biotinylated BSA, which is reported to carry nine biotinylation sites per protein. This value is reproduced within experimental uncertainty in the HABA-avidin assay. The data for labels 1, 2, and 3 suggest a marked variation in the efficiency of the hydrazide labeling reactions. Although there are significant uncertainties in the experimental values, the results indicate the following order of efficiency in the reactions with protein carbonyls-3>2>1. The absolute values are in the general range suggested by the DNPH results, and it appears that, under our specific reaction conditions, 3 is about as effective as DNPH in labeling protein carbonyls. The low labeling efficiency, particularly with label 1, may partially explain the lack of MS/MS spectra for biotin hydrazides in Prokai's study [24] . The chemical basis for the variation in reactivity is likely linked to two factors, (1) interference, possibly steric, by the biotin/linker in the hydrazide reaction and (2) the hydrophobicity of the labeling reagent (which also impacts its solubility). Label 3 benefits from having the most flexible linker and the greatest aqueous solubility. These data offer a contrasting picture to the spectral counts in Table 1 and suggest that the labeling groups impact the ionizability/ detectability of the peptides in such a way that the concentration variations indicated in Fig. 7 are nearly canceled in the spectral counts (i.e., ionizability/detectability follows the opposite trend, 1>2>3). This is an intriguing result and indicates that label 3 would be superior in situations where detection of biotinylated peptides is not the primary goal (e.g., identification/isolation of proteins with carbonyl modifications).
Data presented in Fig. 8 show the number of MS/MS identifications at a set of common modification sites. These are the sum of three separate preparations, each subjected to three LC/MS/MS runs. The modified peptides give a limited number of spectra (generally less than 40 per peptide per preparation), so there is significant statistical variation between preparations, but the summed data in Fig. 8 should provide a good qualitative picture of label performance. The results clearly indicate that the effectiveness of a labeling reagent (on the basis of spectral counts) is dependent on the structure/nature of the labeled peptide. Despite the fact that all of the biotin labels give roughly similar totals of labeled MS/MS spectra, there are multi-fold variations in relative effectiveness at a given modification site. For example, although Lys 186 and Lys 375 exhibit relatively similar detectability with the three biotin hydrazides (a modest advantage for 2), Lys 549 exhibits a nearly fourfold preference for label 1 relative to label 3. Variability is also seen in the response of the labeled histidines with the biotin hydrazides, particularly in His 312 , where label 3 provides no MS/MS spectra with our search parameters, whereas the response is fairly With the fatty acid hydrazides, there is greater variability in the response. For example, label 5 gives over five times more spectra than label 1 for His 312 , but nearly five times fewer than label 1 for His 170 -a 25-fold shift in response. There are many variables that impact these data, and the number of spectral counts is low in some cases, so one can make only general rationalizations of the preferences. His 170 is an interesting outlier in that it gives very few spectra with the hydrophobic alkyl labels (4 and 5). The sequence is HPYFYAPELLF-FAK and contains the highest percentage of hydrophobic residues of the set shown in Fig. 8 . In addition, Lys 549 (KQTALVELVK-modification leads to a missed cleavage) contains a high fraction of hydrophobic residues, and the Number of MS/MS spectra for labeled peptides divided by total number of MS/MS spectra obtained for HSA samples (labeled+unlabeled). For each of three preparations, the sum of spectra from three LC/MS runs was used. Uncertainties are projected from standard deviations in the log of the ratios from three preparations Fig. 7 Quantification of biotin labels using HABA-avidin assay. BSA standard is a commercially available, biotinylated BSA sample hydrophobic alkyl labels are also less effective relative to the biotin labels (specifically 1 and 2) with this peptide. In contrast, His 312 exhibits the strongest bias in favor of the hydrophobic alkyl labels, and the peptide, SHCIAEVEN-DEMPADLPSLAADFVESK, is one of the richest in hydrophilic residues in the set. Therefore, it appears that the alkyl labels can enhance the hydrophobicity of a relatively hydrophilic peptide giving a beneficial effect, but in some cases, such as His 312 , push the peptide to be too hydrophobic for efficient analysis. The differences exhibited between the individual biotin hydrazides are too subtle to analyze with the limited data. Overall, the variability is somewhat surprising and indicates that label choice will have a significant effect on the modifications that are detected. This will critically impact titration experiments where minimum detection level is used as a measure of the concentration of a modified peptide. Finally, the data in the figure suggest that labels 1 and 2 are the least sensitive to peptide structure and give the most even response.
Avidin column enrichment of biotinylated peptides
The three biotin-based labels were also assessed in assays involving enrichment with a monomeric avidin column. Samples were prepared using the same protocol as above and then split. One fraction was analyzed directly and the other subjected to an affinity chromatography cycle before analysis. Table 2 shows the fraction of biotinylated peptides that were detected before and after enrichment. Combining the data from three runs, each of the labels leads to an enrichment of a factor of about eight-to ninefold for the biotinylated peptides. Avidin enrichment leads to a reduction in the total number of identified MS/MS spectra of about 75% but generally an increase in the MS/MS spectra for biotinylated peptides (Electronic supplementary material). The behavior of all of the tags is roughly equivalent, suggesting that there is no significant advantage between the tags in the enrichment phase-this is an expected result. The level of enrichment in this system is potentially limited by the sample's complexity because the small number of unique biotinylated peptides leaves large gaps in the chromatographic run and allows even low-abundance non-biotinylated peptides to be identified in those gaps. Future work will concentrate on more complex biological samples where the potential level of enrichment can be more accurately assessed.
Conclusions
Carbonylation of human serum albumin with acrolein offers the opportunity to conveniently assess the labeling Uncertainties are projected from standard deviations in the log of the ratios from three experiments efficiency of various hydrazide compounds. Based on a HABA-avidin assay, we find that the labeling efficiencies vary considerably among the biotin hydrazides, but this variation is effectively canceled by the impact of the label on the ionizability/detectability of the peptides in this data set. For each of the modification sites tested, the pattern of relative responses from the labeling groups, as measured by MS/MS spectrum counts, varied considerably, suggesting that features of the individual peptides had an impact on the label's effectiveness in producing identifiable MS/MS spectra. As a result, care must be taken in titration experiments that attempt to link the onset of identifiable MS/MS spectra with the reactivity of a particular modification site because the results will vary considerably with the choice of labeling group. Although none of the labeling groups is markedly superior in terms of spectrum counts, label 3 is the most efficient of the biotin hydrazides in reacting with protein carbonyls. At the peptide level, these data indicate that labels 1 and 2 give the most consistent response pattern and are best suited for identifying the maximum number of modification sites; however, other labeling groups can give much better response for particular modification sites. The three tested biotin hydrazides appeared to perform equally well during affinity chromatography and in our system, gave multi-fold enrichments in MS/MS counts (relative to background) for the biotinylated peptides.
